Abstract This paper describes an approach to manufacture hierarchical composites from environmentally friendly materials by grafting cellulose whiskers onto regenerated cellulose fibers (Cordenka 700). Fourier Transform Infrared spectroscopy, Scanning Electron Microscopy and X-ray diffraction analysis were performed to verify the degree of modification. The mechanical properties of the unmodified and modified fibers were analyzed using fiber bundle tensile static and loading-unloading tests. To show the effect of cellulose whiskers grafting on the Cordenka fibers, epoxy based composites were manufactured and tensile tests done on transverse uni-directional specimens. The mechanical properties were significantly increased by fiber modification and addition of the nano-phase into composite reinforced with microsized fibers.
Introduction
Recent interest in greener polymeric materials for general applications in packaging and automotive industries as well as the public's growing demand for environmentally friendlier products have sparked the development of green composite materials (Johansson et al. 2012; Magurno 1999; Marsh 2003) . The most studied renewable reinforcement elements in composite materials is cellulose; the use of such materials is well established in the production of green composites. Numerous studies have been focusing on the cellulosic fibers (e.g. flax and hemp) in production of renewable composite materials (Mohanty et al. 2000; Bledzki and Gassan 1999; Summerscales et al. 2010) . In fact, these fibers possess interesting mechanical properties similar to those of mineral-based counterparts (glass fibers) (Lilholt and Lawther 2000; Joffe et al. 2003; Andersons et al. 2005; Summerscales et al. 2010) . Otherwise, this reinforcement presents some limitations: high sensitivity to water and moisture, and less compatibility with hydrophobic matrices due to their higher hydrophilic character. The latter leads to a poor adhesion at the interface and therefore less stress transfer to fibers through the matrix. In order to improve the stress transfer from matrix to cellulose fibers, the surface properties must be modified. Several approaches have been used to modify the surface of cellulose fibers including physical, physico-chemical and chemical treatments (Belgacem and Gandini 2005; Kato et al. 1999; Kadla 1998, 2000) . Those treatments aimed at providing cellulose fibers different properties such as hydrophobicity, compatibilisation, anti-bacterial resistance etc. They were mostly based on the exploitation of hydroxyl groups present at the surface of cellulose and their conversion into ester, ether, Sloane and urethane groups. Xie et al. (2010) have reported using a variety of organosilane coupling agents; that the treatments of fibers with silane enabled increasing of interfacial adhesion with the target polymer matrices and an improved mechanical and outdoor performance of the resulting fiber/polymer composites is obtained. In general, the addition of nanofillers and nanoparticles was an efficient way to enhance the fiber/matrix interface, due to the combination of conventional fibers and nanofillers which led to multiscale materials with high performances (Jia et al. 2013; Rodriguez et al. 2011; Green et al. 2009; Zhao et al. 2011) . Recently, Pommet et al. (2008) have used a new process to produce hierarchical structure by cultivating cellulose-producing bacteria in presence of natural fibers. This enables to graft cellulose on the surface of natural fibers and an improvement of the interfacial adhesion with polymers such as polycaprolactone is obtained. But, such method presents some limitations. The first issue is the alteration of the fibers surface by the extractable compounds resulting in the decrease of fiber properties, and the second issue is that the bacteria cannot be totally removed because of strong and high number of bonds they develop with natural fibers. This could alter the long term stability of the resulting composites.
Inspired from this idea of creating hierarchical structures, we propose through this paper a chemical process to modify the regenerated cellulose fibers surface by cellulose whiskers (CWs). The regenerated cellulose fibers (RCF) are chosen due to their similar chemical structure (high cellulose content) to natural fibers. However, in comparison to natural fibers (flax, hemp) RCF are continuous and have much more regular geometry. Therefore it is easier to use RCF for development of surface treatment, since issues related to the variability of properties typical for natural fibers are eliminated. It is expected that due to similar chemical structure the process developed for RCF will be also suitable for other cellulosic fibers of natural origin.
The CWs modification is done by using isocyanatosilane as coupling agent. The isocyanate group should react with the alcohol groups present at the fiber surface, whereas the alkoxysilane groups are expected to react and/or interact with alcohol groups of the CWs.
A hierarchical structure could be produced by depositing the cellulose whiskers onto the surface of coupling agent modified fibers. It is anticipated that this modification will improve the interfacial adhesion with conventional polymers and might lead to truly hierarchical bio-based composites with enhanced properties and much better durability.
Materials and methods

Materials
Commercial RCF (Cordenka 700, produced by CORD-ENKA GmbH Obernburg, Germany) with a twist of Z100 t/m were used in this work. Fibers were supplied in the form of continuous bundles; each bundle consists of 1,350 single fibers. The diameter of single fiber is 12.5 lm (although it should be noted that fibers do not have perfectly circular cross-section).
3-isocyanatopropyl triethoxysilane (IPTES) coupling agent and Dibutyltin dilaurate, DBTL (95 %) catalyst for the alcohol-isocyanate reaction were purchased from Sigma-Aldrich and used as received without any further purification. Toluene solvent (99 % purity from Sigma-Aldrich) was distilled before use.
The cellulose whiskers were extracted from the rachis date palm tree. The colloidal suspensions of whiskers in water was prepared according to the procedure described elsewhere (Bendahou et al. 2010; Wise et al. 1946; Marchessault et al. 1959) . The rachis of date palm tree was dried and grinded. The powder was mounted in soxhlet for extraction in a mixture of Toluene/Ethanol (62/38 vol%) for 24 h. An alkaline treatment by NaOH 2 % was performed at 80°C during 2 h (repeated twice). The pulp then was filtered and treated with chlorite solution (NaClO 2 at pH = 4.8, at 70°C during 1 h). This treatment was repeated two times (till bleaching). An acid solution (65 wt% H 2 SO 4 ) was added to the bleached pulp and maintained for 45 min at 45°C. After this acid hydrolysis, the material was washed with distilled water and centrifuged at 8,000 rpm until pH = 7. The obtained product was dialyzed for 3 days in distilled water.
The selected epoxy resin was Araldite LY5052 with Aradur hardener HY5052 mixed in 80:20 weight ratio respectively. Resin and hardener were both purchased from CIBA-GEIGY. The epoxy resin is a mixture of two epoxy molecules and the hardener is a mixture of six amine molecules. The basic structure of these molecules is presented in Fig. 1 .
Fiber treatments
According to the work by Ly et al. (2008) and Abdelmouleh et al. (2002) , only 1 % of hydroxyl groups are present at the surface of fibers and therefore accessible for modification. This leads to a total number of 18.5 mmol OH per 100 g of Cordenka fibers. Based on this, the amount of isocyanatosilane was calculated to be the same as free hydroxyl groups at the fiber surface with a slight excess of the grafting agent.
Continuous fibers were mounted on unoxydable holder in order to avoid any further alteration which can be caused by oxidation of the holder at the used pH. The ratio of fibers with respect to the solvent was adjusted to be 2 wt% (Sang and Xiao 2009) .
The fibers are dried utilizing azeotropic distillation in toluene in order to remove the adsorbed water, and
Chemical structure Component
Basic molecules of the (LY 5052) therefore avoid the reaction between isocyanate function of the coupling agent and water. The temperature during the azeotropic treatment reaches 95°C. The treatment with isocyanate was performed in closed reactor of 2 l capacity, containing anhydrous toluene. 32 g of fibers were immersed in 1,600 ml of toluene and 1 ml of Dibutyltin Dilaurate (DBTL) catalyst was added. Then, around 10 min later, 6 mmol of isocyanatosilane were drop-wise added to the solution. The addition of the isocyanatosilane took more than 30 min. Since the molecular weight of isocyanatopropyl triethoxysilane is M = 24,736 g mol -1 , the total mass added was 4.6 g per 100 g of cellulose with slight excess. The reaction was run at 80°C during 12 h under nitrogen atmosphere with mild stirring. After this treatment, the modified fibers were thoroughly washed in soxhlet extractor (500 ml) during 2 h with acetone in order to remove the unreacted products, and then dried in oven set at 60°C during 8 h.
The modified fibers were then immersed in a 0.01 wt% suspension of whiskers at pH = 4.6. The reaction was stirred at room temperature during 6 h and then dried at 110°C for 4 h for post reaction between the free hydroxyl groups of CWs and silanol groups. A schematic representation of the chemical treatment is given in the Fig. 2 .
Composite preparation
The unidirectional (UD) composite was manufactured by use of mould made out of two aluminum plates. These plates were cleaned and covered by silicone sheet and sprayed by silicone release agent to ensure easy demoulding of composite. The fibers were wound on an aluminum frame and put into the mould (between the aluminum plates). The plates were separated with a seal of silicone rubber tube. In order to remove all air bubbles entrapped during the mixing of the resin and the hardener, the mixture was de-gassed prior to the mold filling step. The de-gassing was carried out at a reduced pressure of about 100 kPa at 25°C for 30 min. The fiber impregnation process starts by filling the mould with the resin (by pouring resin through the top opening of the mould) after which the mould was placed in an oven pre-heated to 80°C. The vacuum is used to evacuate residual air from the mould and help bundle impregnation. When the maximum vacuum was achieved (20 kPa), the mould was left under vacuum for 15 min and then cured for 8 h at 80°C at the atmospheric pressure. The mould was cooled to room temperature prior to the demoulding of the composite plates. The composite plate was carefully cut into rectangular specimens taking care not to induce any damage. The direction of cutting was chosen in such a way that fibers in the specimens were oriented perpendicular to the loading direction (transverse UD composite). The edges of specimens were then polished using diamond liquids (down to 3 lm grade) to eliminate defects introduced by cutting. The same process had been used for all samples. These specimens were used to study crack initiation and propagation.
Infrared analysis
The ATR-FTIR analysis was performed using a Bruker V-70 spectrometer. The analyses were made on the initial and modified fibers without any treatment. The spectra were obtained using a resolution of 6 cm -1 and after 100 scans from 400 to 4,000 cm -1
. The Background scans were taken before each analysis.
X-ray analysis
To determine the crystallinity index of the studied fibers, X-ray diffraction (XRD) diffractograms were recorded with a Siemens D500 diffractometer, employing Cu Ka (lZ1.54 A°) radiation. The scattered radiation was detected in the angular range of 5°-50°(2h) at a speed of 2°min -1
. The crystallinity index (CrI) of the fibers was calculated according to the Segal empirical method for cellulose II as follows (Segal et al. 1959 )
where, I 002 is the maximum intensity of diffraction of the (002) lattice peak at 2h angle between 22°and 23°, and I a is the intensity of diffraction of the amorphous material, which is taken at a 2h angle between 18°and 19°where the intensity is at the minimum (Roncero et al. 2005 ).
SEM analysis
Scanning electron microscopy (SEM) images were obtained with a JEOL JSM 5200 SEM Scanning Electron Microscope after the conventional vacuum coating of the fibers with gold. X-ray energy dispersive spectroscopy (EDS) (Oxford INCA) was used to identify and analyze the deposited particles on the surface of fibers and their relative proportion.
Mechanical properties
Tensile tests of the fiber bundles
The length of fibers bundle were 100 mm. IN-STRON 4411 machine equipped with 500 N load cell was used for fibers bundle in simple tensile and loading-unloading tests. Experiments were carried out in displacement controlled mode with loading rate of 10 mm min -1 . The tests were conducted at room temperature (relative humidity RH = 14 %). The bundles were glued between wooden tabs at each end (Fig. 3) using two component epoxy adhesive Araldite 2011. Average fibers tensile properties were obtained using the results from five specimens. Typical stress-strain curve from tensile test for unmodified fibers is shown in Fig. 4 . Stress is calculated from the load by using fiber cross-section area and number of fibers in the bundle. The strain is calculated by using displacement of the cross-head of the tensile machine taking into account the machine compliance (as described in ASTM D 3379-75). The curve shows an initial linear elastic behavior. After yielding, stress continues to increase in a nearly linear way with increasing strain, but at a lower rate. The elastic modulus was calculated in the first linear zone between e = 0.3 % and e = 0.8 % before yielding point (Fig. 4) .
Loading-unloading tests
In order to estimate the visco-elastic and plastic behavior of the fibers, the loading-unloading experiments with step-wise increasing maximum applied load were carried out.
These tests were performed with the same setup as the tensile tests. The load level in each consecutive step was 5 N higher than the previous one until the failure occurred. After each loading step the bundle was unloaded to zero stress and then loaded to the next load level (Fig. 5a) . As for the tensile test of the fiber bundles, the elastic modulus of each loading and unloading cycle was determined from recorded stressstrain data at the initial linear parts of the loading and unloading curves as shown in Fig. 5b .
Tensile tests of composites
Tensile tests of neat epoxy and composites were performed on an INSTRON 3369 tensile machine with crosshead speed 2 mm min -1 and 10kN load cell. Strains were measured with INSTRON 2620-601 extensometer with 25 mm gauge length. The elastic modulus was obtained from recorded stress-strain curve between e = 0.05 % and e = 0.2 %. All tests performed on neat epoxy as well as epoxy reinforced with unmodified and modified fibers were carried out at room temperature (RT & 22°C) and RH = 48 %.
A typical tensile stress-strain curve of CWs grafted fibers based composites is presented in Fig. 6 .
Cracks initiation and propagation
The initiation of transverse cracks and their propagation was studied by performing tensile loading cycles with step-wise increasing strain. The loading tests were performed according to the previously described method (paragraph of tensile test of composites). The specimens were loaded until the pre-described strain level, unloaded and then removed from the tensile machine for observation under the optical microscope. Representative photographs of crack initiation and propagation were obtained from ten photos from each side of the specimen. Three specimens were tested from each kind of material.
Results and discussion
Infrared characterization
The results of ATR-FTIR on the regenerated cellulose fibers before and after chemical treatments with isocyanatosilane and whiskers respectively are shown in Fig. 7 . Comparison of spectrums of the untreated fibers and fibers, treated with silane reveals a new bond around 1,740 cm -1 which can be associated to the stretching vibration of C=O groups of urethane molecules. This bond is also observed in the spectrum of fibers grafted with whiskers.
The free silanol groups resulted from hydrolysis reaction of ethoxysilane groups of the coupling agent were expected to establish hydrogen bond with the hydroxyl groups of the CWs. These hydrogen bonds are susceptible to convert into the covalent bonds of -Si-O-cellulose linkages at room temperature (Daniels and Francis 1998; Vrancken et al. 1995) . Further condensation is expected during the heat treatment at higher temperature (110°C for 4 h) (Castellano et al. 2004; Roncero et al. 2005; Valadez-Gonzalez et al. 1999) . The broad intense bonds around 1,000 and 1,170 cm -1 hide the bonds corresponding to the stretching vibration of Si-O-Si and Si-O-cellulose (Miller et al. 1984; Britcher et al. 1995; ValadezGonzalez et al. 1999 ).
X-ray diffraction X-ray diffraction diffractograms are shown in Fig. 8 . The diffractogram of untreated fibers shows a pattern similar with the peak characteristic of regenerated cellulose (cellulose II). The previous studies on the transformation of cellulose I (native cellulose) to cellulose II (regenerate cellulose) presented more than one peak. These peaks are located at 2h = 11°, 20°, 22°a nd 37°which correspond to the diffraction of (101), (101), (002) and (004) crystallographic plane reflections, respectively (Khalifa et al. 1991; Davidson et al. 2004; Ouajai and Shanks 2005) . This means that studied material is highly oriented to (002) crystallographic plane. When the fibers are modified, the peaks at 2h = 11 and 20°which correspond to (101) and (101) crystallographic plane, respectively, become more visible. This change could be explained by the relaxation phenomena during the treatment at high temperature. It's worthy noticing that the treatment leads to reduction of the bundles length giving rise to a new crystallographic orientation of crystallites within the fibers. In addition, the crystallinity index was found to be 50 % for all fibers (treated and untreated ones). This value of crystallinity index is in the same order of magnitude of those reported in literature (Hermans 1951) . However the X-ray analysis couldn't visualize the crystalline structure of CWs (Cellulose I), surely because they are present at the regenerated cellulose fibers surface at very low fraction.
SEM analysis
In order to attain a better understanding of the effect of chemical treatment on cellulose surface, a microscopic study was carried out, using scanning electron microscopy (SEM). The SEM micrographs Fig. 9a for untreated fibers show smooth surface. In contrast, for the silane treated fibers Fig. 9b nanometric size particles of the condensed isocyanatosilane can be observed indicating small aggregates of the silane coupling agent dispersed at the fibers surface. In fact, the chemical composition of these particles, which was identified by EDS analysis (Fig. 9b) , showed that they are rich in silicon atoms that can only come from the coupling agent isocynatosilane. The presence of isocyanatosilane at the surface of cellulose fibers observed by SEM confirms consequently the results showed by FTIR analysis reported above.
The micrographs (Fig. 9c, d ) of the fibers grafted with CWs show a new phase which can be attributed to the cellulose whiskers proving the success of chemical modifications.
Mechanical properties
Tensile test of fibers
The mechanical tests have been performed on RCF bundles to study the effect of the treatments on their properties, typical tensile tests curves are presented in Fig. 10 . In fact, modified and unmodified fibers bundles behaved differently in tensile testing. While untreated fibers showed significantly higher elastic modulus and tensile strength, its failure strain remains almost the same compared to those of treated fibers (Table 1) . On the other hand, the elastic modulus and failure strain are very similar for isocyanatosilane and CWs treated fibers. Since temperature reached during the chemical treatment was quite high for these fibers (95°C, temperature reached during the azeotropic distillation), the morphology of the fibers has been changed (regarding the results presented by X-ray) leading to the orientation of the amorphous and the crystalline regions. Even the relaxation phenomena of cellulose are still controversial, many papers clearly show that the water have a plasticizer effects and lead to relaxation phenomena at temperatures lower than 60°C depending on the fraction of absorbed water (Szcześniak et al. 2008; Jafarpour et al. 2009 ). Moreover, Morton and Hearle (1993) had reported the relationship between the strength and degree of orientation of the crystallites in regenerated cellulose (Lyocell) and cellulose acetate. In this case the mechanical properties (modulus and failure strength) were increased when the crystallites were oriented along the loading direction. From this study, it is obvious that the orientation of the crystallites of fiber (RCF) was decreased regarding the load direction which led to a decrease of mechanical properties of the fibers after treatment.
Stiffness reduction of fiber bundles
The presented values of fiber bundle stiffness obtained from loading and unloading were normalized with respect to the initial stiffness, E 0l and E 0u (''l''-loading and ''u''-unloading), respectively. Reduction of stiffness during the increase of load calculated for each loading and unloading step are presented in Fig. 11 . All types of fibers (treated and untreated) showed an increase of the modulus after each straining cycle.
However, the total increase in elastic modulus for unmodified fibers was lower than those of treated fibers. In fact, the unmodified fibers reach a total increase of modulus of about 1.3 %, however the fibers treated with silane and grafted CWs exhibited a total increase of the elastic modulus of about 13.4 and 27 % respectively (Table 1 ). The modulus was increased after each loading cycle, indicating a higher degree of alignment of crystallites parallel to the loading direction. On the other hand, it's worthy noticing that when semicrytalline polymer is loaded, the reorientation does not only occur in crystalline part, but also in the amorphous regions (Hashimoto et al. 1978) .
During the unloading cycles, the modulus was calculated in first linear part of unloading curve. As shown in Fig. 4 , all fibers present a similar trend and, a steeper decrease was observed at the yielding stress. The total decrease in unloading modulus after the final loading step was 63 % for untreated fiber, 48 % for fibers treated with silane and 57 % for fibers grafted CWs. This slight difference could be attributed to the high orientation of crystallites in untreated fibers compared to the treated ones, as reported above.
Tensile tests of transverse UD composites
The unidirectional composites are seldom used in structural applications with complex loading conditions, therefore multiaxial laminates are most often employed. Usually in these laminates the initiation and propagation of damage, such as micro-cracking and delamination, occurs at the early stages of the load application and it might be critical for the performance of these composites. In order to observe first events of damage at low applied stresses/strains, the loading transversely to the fiber direction is chosen in this study to evaluate and rank fiber/matrix adhesion (interfacial strength). Such choice is based on the following considerations: (a) the first damage mode occurring in composites with transverse layers (e.g. multiaxial laminate) will be fiber/matrix debonding and initiation/propagation of transverse crack; (b) if Mode-I (opening) crack resistance will be improved then it is likely that Mode-II (in-plane shear) also will be enhanced; (c) in order to initiate crack (debond along the fiber) in the longitudinal layer the fiber break should occur first but the RCF which are used in this study have very high strain at failure compare to matrix and it is not likely that fibers will fracture before the failure of matrix; (d) it is much more difficult to locate and observe fiber fracture and debonding along the single fiber rather than initiation and development of transverse crack involving multiple fibers.
The volume fraction of fibers in the composites was approximately 33 vol%. This was calculated by image analysis of an average of 10 photos using ''ImageJ'' software. The approach to calculate volume fraction of fibers in composite from micrographs of the crosssection is fairly common [for example, see methodology described by Mattson et al. (2007) ]. The results of tensile tests performed on the studied composites are presented in Table 2 . These results show that stiffness of the composites is only slightly higher than that of neat resin. This is expected since fibers are oriented perpendicularly to the loading direction thus reinforcing effect is low. Moreover, it is likely that these fibers are highly anisotropic, thus transverse modulus of RCF is lower than longitudinal. It is also clear that the tensile strength and strain at failure of all composites are significantly lower compared to neat Epoxy. This is due to the fact that for transverse UD composite the failure properties are not defined by the fiber properties but rather by matrix and fiber/matrix interface. If interface is weak the failure will be initiated (fiber debonds from matrix) at lower strains than strain at failure of matrix. The individual debonds between fiber and matrix will eventually connect and form transverse crack which will lead to final failure of transverse UD composite. The tensile modulus, the strength and the failure strain increased by means of 5, 38 and 43 %, respectively, for CWs modified fibers reinforced composite (MCWs composite) when compared to unmodified fibers reinforced composite (VF composite). Whereas for silane modified fibers based composite (Iso composite), the modulus, the strength and the failure strain increased by means of 3, 59 and 41 %, respectively, when compared to unmodified fibers reinforced composite (VF composite). The increase of strength obtained for the Iso composite (in comparison with unmodified fiber composite) could be explained by the increased adhesion between fibers and matrix due to chemical reactions that could occur between the alcoxysilane or/and silanol groups of the silane and the epoxy resin. In comparison to Iso composite, and considering the deviations on the various results, the MCWs composite shows similar properties.
As comparison, Lee et al. (2012) have investigated the mechanical properties of hierarchical composites reinforced with short sisal fiber using bacterial cellulose (BC) as binder. Using Poly(Acrylated Epoxidised soybean Oil) (polyAESO) as matrix, BC-sisal-polyA-ESO showed an improvement of both tensile modulus and strength when compared to sisal-polyAESO of about 75 and 71 %, respectively. The higher improvement of the mechanical properties obtained by Lee et al. (2012) compared to our composites could be explained by several factors: (1) the nature of the reinforcing fibers: in fact, sisal fibers show higher porosity compared to regenerated cellulose which enable more interaction at the interface. (2) The aspect ratio of the bacterial cellulose compared to CWs of date palm tree we used in our case. These two parameters enable more interaction at the interface between the reinforcing fibers, the cellulose whiskers and the matrix. (3) However another parameter related to the fracture mode should be considered in this comparison. In fact, the fibers in our case are oriented perpendicularly to the load direction, thus more sensitive to the interfacial properties, whereas in their case the composites were randomly oriented. In the case of randomly oriented fibers there is Mode-I (opening) and Mode-II (shear) failure modes present and it is easier to improve Mode-II. In our case we have only Mode-I. In order to get more information on the fracture mode of the studied composites and to further understand the effect of the modification on it, the propagation of the crack in the different composites at different applied strain was monitored. Table 3 shows the micrographs of crack propagation at different strains for all studied composites. It can be clearly seen from the pictures that for the untreated fibers (VF), the cracks appeared at very low strain level (0.1 %) giving rise to an earlier failure compared to the modified fibers composites. When compared to Iso composite, the MCWs composite showed higher resistance to the cracks initiation which started only at e = 0.4 % (vs e = 0.2 % for the Iso composite). The network of cellulose whiskers should act as cracks stopper. The network that cellulose whiskers form at the fibers surface (Fig. 9c, d ), leads to the formation of nanocomposite structure at the interface fiber/matrix of the cellulose that delays the crack evolution. However, this nanocomposite structure seems to be very brittle because the propagation of the crack becomes unstable and chaotic once it is initiated. 
Conclusions
The presented results showed that the chemical grafting of regenerated cellulose fibers by cellulose nanowhiskers was successfully attained. The SEM micrographs of fibers treated with silane showed particles deposited on the surface of fibers. When the fibers were grafted by CWs, networks of CWs were created. On the other hand, the chemical treatment affected the microstructure of regenerated cellulose, as shown by wide angle X-ray diffraction analysis, and the mechanical tests performed on fiber bundles. The results of morphological and mechanical characterization performed on the transverse UD composites demonstrated that the deposition of CWs on the fibers can improve the mechanical performances of composites in comparison to composite with unmodified fibers. In fact, due to fiber treatment the tensile modulus, the strength and the failure strain were increased significantly compared to composite reinforced with untreated fibers. The increase of the mechanical properties could be attributed to the nanocomposites structure formed at the interface. This nanostructure delays the crack initiation and propagation.
